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Although acellular pertussis vaccines have a higher reported efficacy than whole-cell vaccines, 3, 4 the effect of either type of vaccine on the incidence of pertussis has not been consistent under routine conditions and depends on the type and manufacturer of the vaccine. [5] [6] [7] [8] Analyses of surveillance data in Senegal have shown higher rates of vaccine failure, and subsequently a higher incidence of pertussis, among children given a 2-component acellular vaccine than among those given a whole-cell vaccine (for 3 doses). 6, 7 Research in Germany has also shown higher incidence rates among children given a 4-component acellular vaccine than among those given a wholecell vaccine (0.27 v. 0.19 cases per 100 person-years).
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To our knowledge, the full impact of acellular vaccines on the incidence of pertussis at the population level has been studied intermittently and remains to be established. [10] [11] [12] Investigating the incidence of pertussis before and after the introduction of an acellular vaccine presents an excellent opportunity to compare the effectiveness of the 2 types of vaccine in controlling pertussis. We analyzed passive surveillance data before and after such a transition to compare the effect of whole-cell vaccine and a 5-component acellular vaccine on the incidence of pertussis among infants and children aged less than 10 years, after controlling for other pertussisrelated risk factors.
Methods
Pertussis is a notifiable disease in North America. We used passive surveillance data collected by the Saskatoon Regional Health Authority (SRHA) in Saskatchewan between Jan. 1, 1995, and Sept. 30, 2005 , from an aggregate population of about 112 278 children. Children who met the clinical criteria for pertussis (i.e., > 2 weeks with paroxysmal cough, cough with gagging, vomiting, apnea or inspiratory "whoop") or who were known to have had contact with a clinical case had nasopharyngeal specimens taken by swab when they visited the doctor. Pertussis infection was confirmed by means of polymerase chain reaction (PCR) assay of the nasopharyngeal specimens.
We included all pertussis cases in the SRHA database reported during the surveillance period and analyzed them by age-specific incidence and birth cohort. Stratified investiga-tions by vaccine type and vaccination history required that subsequent analyses be continued in a multivariable context. Therefore, we used a Poisson regression model to measure the association between vaccine type and the incidence of pertussis after controlling for age and vaccination history. The ages of the cases were collapsed into 3 categories (< 1 year, 1-4 years and 5-9 years); the exact ages of infants less than 1 year old were not available from these data. Vaccination history was defined as partial (vaccination records indicated partial or lapsed vaccination for the child's age) or complete (child received at least 4 doses or age-appropriate doses of pertussis antigen). Vaccine type was defined as whole-cell (Penta, Sanofi Pasteur Canada), acellular (Quadracel or Pentacel, Sanofi Pasteur Canada) or a combination of both (initial vaccination with whole-cell vaccine followed by booster doses with an acellular formulation). 13 We were unable to obtain reliable electronic vaccination records for the entire study period. Therefore, denominators for the incidence of pertussis were based on unique combinations of age group, vaccine type and vaccination history from annual population data for children aged less than 1 year, 1-4 years and 5-9 years in the SRHA. Because the type of vaccine changed over the surveillance period, we considered children at risk of pertussis receiving each type of vaccine, already categorized by age, to be the average population of children in a period during which birth cohorts would have theoretically received a given type of vaccine (method adapted from Szklo and Nieto
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. Therefore, we estimated the number of children at risk by calculating the average population aged less than 1 year and 1-4 years during 1990-1991 and 1990-1994 Childhood immunization against pertussis routinely consists of 3 doses given at 2, 4 and 6 months of age, a fourth dose at 18 months and a fifth dose between 4 and 6 years of age.
1 The average vaccination coverage rate among children aged 7 years in the SRHA, between 2001-2003, was assumed to represent the proportion of children with a complete vaccination history for the cases in the data set (about 84.1%). The remaining proportion was assumed to represent those with partial coverage (about 15.9%). Information on children with no vaccination history was not available in the data set. We applied these vaccination coverage rates to the average population of children for each combination of age group and vaccine type to obtain the denominators used to estimate the incidence of pertussis.
For the Poisson regression analysis, we assessed the effect of vaccine type on the incidence of pertussis (after adjusting for age group and vaccination history) through partial deviances, or scaled partial deviances (spDEV) in the presence of overdispersion (at α = 0.10).
15 Because age and vaccination history have previously been associated with the incidence of pertussis, 1 they were retained in the model as potential confounders regardless of their significance. 15 Pearson's χ Age-specific incidence of pertussis (per 10 000 population) among children less than 10 years old in Saskatoon Regional Health Authority, by birth cohort (each year represents the year in which members of the cohort were < 1 year old). * The absolute incidence of pertussis at age 3 years for the cohort born in 2000 (data not shown) was estimated to be 32.2 per 10 000 population.
an estimate of the adjusted rate ratios (RRs) comparing cases in different risk categories.
Results
PCR assay identified 472 cases of pertussis. We included 360 of these cases in the multivariable analysis because they had information on all of the variables (age, vaccine type and vaccination history). Children aged 5-9 years, those who received the whole-cell pertussis vaccine and those with a complete vaccination history accounted for the majority of cases over the study period (67.8%, 60.3% and 88.9% respectively).
The absolute incidence of pertussis among children aged less than 10 years was highest among infants (< 1 year) (Fig.  1) . Except for 1999 and 2001, children less than 1 year and 1-4 years experienced the highest rates of pertussis. The introduction of the acellular vaccine in 1997 did not appear to be associated with a reduction in the incidence of pertussis among school-aged children (5-9 years) as expected.
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Under an assumption of no severe in-and-out migration, we also plotted the incidence of pertussis by age and birth cohort.
17 Fig. 2 shows the age-specific incidence by birth cohort in the SRHA for odd-numbered years between 1995 and 2005. Overall, the graph reveals no distinctive pattern across successive cohorts. The highest incidence through successive childhood ages (i.e., 0-4 years) occurred in birth cohorts that would have received only the acellular vaccine. More specifically, the highest age-specific incidence rates occurred among infants less than 1 year and children 1-4 years in the 2003 cohort. In addition, in the 2001, 2000 (not shown) and 1999 birth cohorts, the highest age-specific incidence rates were among children aged 2, 3 and 4 years, respectively. 12, respectively; Fig. 3 ). The reverse trend was observed among infants and preschool children given the whole-cell vaccine (RR 0.17, 90% CI 0.06-0.47; and RR 0.38, 90% CI 0.26-0.56; Fig. 3 ) and among preschool children given both vaccines (RR 0.16, 90% CI 0.07-0.36; Fig. 3 ). Because of small cell sizes among infants in the combined vaccine category, RRs possessed large variance estimates and were hereafter omitted from our discussion.
Interpretation
Although many studies have shown the efficacy of pertussis vaccines, to our knowledge few have described how the different types of vaccine affect the incidence of pertussis under routine conditions. The results of our descriptive study have associated age and vaccine type with the incidence of pertussis in a population of children less than 10 years of age.
Inactivated fractionated pertussis vaccines such as acellular vaccines were introduced into routine vaccination programs because of their improved side-effect profile and comparable immunogenicity when tested against previously used whole-cell pertussis vaccines. ‡Reference category. §Because of the interaction, the effect of these variables on the incidence of pertussis is interpreted on the basis of the results displayed in Fig. 3. gest that, in the short term, some acellular vaccines may not adequately provide full protection against pertussis among infants and children less than 5 years old. This may be a consequence of the type of immunity generated by these vaccines (i.e., higher levels of humoural immunity, or Th2-like responses). 18, 21, 22 As a result, children require additional doses to reach adequate levels of immunity.
18 Whole-cell vaccines, on the other hand, tend to elicit higher levels of cellmediated immunity (Th1-like responses) . 18, 21, 22 These reasons may explain in part why the highest incidence of pertussis among infants and preschool children occurred in the birth cohorts that would have received only the acellular vaccine, and why children aged less than 5 years who received the whole-cell vaccine early in their immunization schedule had lower rates of pertussis (Figs. 2 and 3) . These results may significantly alter perceptions about the public health importance of generating cell-mediated immunity during early childhood.
The acellular vaccine did not appear to be reducing the incidence of pertussis among children aged 5-9 years who received booster doses with the acellular vaccine before starting school (Fig. 1) . Acellular vaccines given as boosters to children aged 15-20 months 19 and 4-6 years 20 have also been reported to elicit more diverse immunologic responses than either whole-cell or acellular vaccines alone. 19, 20 Our results help to support these findings, since children aged 1-4 years who received both vaccines experienced lower incidence rates than children of the same age who received either the wholecell or acellular vaccine alone.
Whole-cell pertussis vaccines are associated with an increased risk of local adverse reactions. However, previous research has shown that children aged 15-20 months 19 and 5-6 years 23 who received booster doses with an acellular vaccine
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after receiving primary immunization with a whole-cell vaccine experienced as many or fewer side effects at the injection site than did children given an acellular vaccine alone. From the SRHA data, we could not determine when, in their routine immunization, cases in the combined vaccine category began receiving the acellular vaccine. For this reason, further assessment is needed to generate optimal vaccination schedules that not only include both types of vaccine but also determine when to substitute vaccine types in the schedule (to keep adverse events to a minimum).
Evidence of an antigenic shift of virulence factors (i.e., pertussis toxin, pertactin and fimbriae 2 and 3) in circulating isolates of Bordetella pertussis has been reported elsewhere. 24, 25 Although selective pressures created by vaccination are thought to be responsible for the observed shift of these bacterial components, no study to our knowledge has specifically identified a correlation between antigenic divergence and an increased incidence of pertussis. If future research provides evidence to support an association between higher incidence rates and antigenic divergence, then the use of both whole-cell and acellular vaccines may better protect children against a greater variety of B. pertussis strains that may be circulating in a population.
Our study had a number of limitations. First, we used passive surveillance data. Although such data do not represent the actual number of cases, they can reveal changes in the incidence of pertussis over time, 26 especially since reporting practices in the SRHA have remained consistent over the surveillance period. Second, reliable electronic data on vaccinerelated adverse events before the year 2000 were not readily accessible. Having these rates for the entire surveillance period would have enabled us to identify clusters of rare vaccinerelated adverse events within the population of the SRHA. More importantly, we might have been able to perform a retrospective investigation to compare these rates in whole-cell and acellular vaccine programs outside of controlled studies. Although acellular pertussis vaccines are known to possess a better side-effect profile than the whole-cell vaccine, severe local reactions can still occur after receiving booster doses with some acellular vaccines. 27 For this reason, both regional and national surveillance systems should integrate the surveillance of vaccine-related adverse effects with case report data. Doing so may not only place new demands on data collection through passive surveillance, it may also represent a new role for surveillance data in more rigorous epidemiologic research. 18 Third, for our category-specific denominators we assumed that all children were at risk of pertussis. Since all children were considered vaccinated, although at different levels (partial or complete), different susceptibilities within these groups are expected to be present, since the actual number of doses of pertussis antigen a child received through vaccination will likely vary. However, we do not think this is a major concern, since the rate of vaccination remained similar over the study period (data not shown) and we controlled for vaccination history in the statistical analysis.
The effectiveness of pertussis vaccines is multifactorial.
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Our results suggest that further revisions to current immunization programs to include both whole-cell and acellular pertussis vaccines (similar to programs in France, the Netherlands and the United Kingdom health implications for controlling pertussis among children aged less than 5 years. However, further investigation is needed to confirm, or refute, our results. Given that wholecell vaccines are no longer available in North America, it may be more realistic to suggest that current acellular vaccine formulations for children be augmented to include antigenic components derived from circulating strains of B. pertussis. Doing so may help increase the long-term effectiveness of these vaccines. Research focused on creating unique vaccine formulations and routes of delivery will ultimately advance our efforts of controlling pertussis.
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